Abstract: Kura clover (Trifolium ambiguum M.B.) is a persistent rhizomatous forage legume, whose use in the U.S.A. is limited by establishment difficulties in part attributable to nodulation problems. In this study, soil was collected from established stands of Kura clover growing in 9 diverse North American environments. Rhizobia were plant-trapped using Kura clover cv. Endura as host, then rhizobia from nodules fingerprinted using BOX-PCR. The diversity of isolates from North America was then contrasted to that of rhizobia from a single Caucasian environment (Russia), the center of origin for this species. Populations were characterized using clustering methods, and genetic diversity estimated using the Shannon-Weaver diversity index. The genetic diversity of the North American populations was extremely limited, all isolates being closely related to two of the strains found in a locally available commercial inoculant. In contrast, Russian isolates formed a distinct cluster with significant internal genetic diversity. Genetic diversity indices for the North American and Russian populations were 3.5 and 10.76, respectively. The implication of this and other studies is that Kura clover is highly specific in Rhizobium requirement. If the performance of this legume in the U.S.A. is to be improved, either by modifying current establishment practices or plant breeding, it is essential that these studies be paralleled by more collections and evaluation of rhizobia from its center of origin, given the extremely limited diversity of rhizobia found in North America.
; initial growth may also be N-limited due to the low nitrogen fixation achieved with the rhizobial strains currently in use (Seguin 2000) .
Kura clover is highly specific in rhizobial requirement, and does not nodulate effectively with rhizobia from other Trifolium species (Parker and Allen 1952) . Inoculation is recommended, as few soils outside its center of origin in the Caucasus contain effective indigenous rhizobia (Elliot et al. 1998; Seguin 2000) . Even when inoculated, however, Kura clover is likely to have a very low N 2 fixing ability in the establishment year. This is due to a delayed nodulation that often makes initial growth N-limited. Seguin (2000) in Minnesota, reported a seeding year N 2 fixation in commercially inoculated Kura clover of only 17 kg N·ha -1 , with 25% of N derived from the atmosphere. In New Zealand, Pryor et al. (1998) reported that a strain isolated locally from fields initially inoculated with commercial inoculant, greatly improved the establishment of oversown Kura clover. They reported individual plant mass 3 times greater 13 months after seeding when inoculated with this newly isolated rhizobial strain (ICC148) than with the strain currently used in New Zealand (ICC105 = UMR6015). Identification and selection of highly efficient, locally adapted strains, which have established in soil after introduction of the inoculated host plant, is therefore possible. This approach has been used successfully with other species (e.g., Santos et al. 1999) , but the chances for success may be limited where the host is highly specific in its Rhizobium requirements.
To determine whether growth of Kura clover in soils from different areas of North America can lead to the establishment and persistence of diverse rhizobia, we examined the rhizobia associated with Kura clover in nine North American soils using BOX-PCR (Rademaker and De Bruijn 1997) , and compared this to rhizobia obtained from a single soil sample collected in Russia, the center of origin for this species.
Description of the environments sampled is presented in Table 1 . Soils were distinguished according to stand age, soil type, and soil fertility status. MPN (Most Probable Number) counts were undertaken using Kura clover as trap host, and according to Somasegaran and Hoben (1994) . At each location, soil was collected from at least 12 areas of established Kura clover stands with soil probes used to collect samples down to a depth of 20 cm, discarding the top 2 cm. Kura clover seeds (cv. Endura) were surface sterilized and planted in Leonard jar units (Somasegaran and Hoben 1994) . Three days after planting, 10 mL of a 10 -1 dilution of soil from each location was applied to each of 20 seedlings. Plants were then grown for two months as described by Montealegre et al. (1995) . From each set of plants inoculated with a given soil, 30 nodules were randomly collected and surface-sterilized, and individually crushed on yeast mannitol (YM) agar plates (Somasegaran and Hoben 1994) . After 5 days of growth, single colonies were transferred to YM broth, grown for 3 days, then mixed with equal volume of 30% glycerol, and stored at -70°C. The source and description of reference strains of Rhizobium used in this study are listed in Table 2 .
The BOX-PCR protocol of Rademaker and De Bruijn (1997) with BoxA1R (5′-CTACGGCAAGGCGACGCT-GACG-3′) (LifeTechnologies, Grand Island, N.Y.) as primer was used for genomic fingerprinting of pure liquid cultures of Rhizobium. Rhizobial cells were prepared as described by Rademaker and De Bruijn (1997) , with 2 µL of appropriate cell culture used in each reaction mix. PCR was carried using a PTC-100 Thermocycler (MJ Research, Waltham, Mass.), with the PCR product then stored at -20°C. Agarose gel electrophoresis was performed using 10 µL of the PCR product. One Kb ladder (Sigma, St. Louis, Mo.) was used as size standard and loaded at least twice per gel. Gels were stained with ethidium bromide and gel images stored as TIFF files using a video camera image system (Fotodyne, Hartland, Wis.).
Fingerprint profiles (Fig. 1) were analyzed using BioNumeric software (v. 1.5, Applied Maths, Kortrijk, Belgium) with the band positions in each gel normalized relative to specific bands in the 1 Kb reference ladder, and with a clear band present in most isolate profiles used as an internal reference. Similarities between profiles were then calculated for bands in the range of 300-1650 bp in length using the UPGMA, unweighted pair group method with arithmetic averages, and the data transformed using the principal component option within the Bionumeric program. Significance of the groups identified were then determined using the MANOVA (multivariate analysis of variance) option in BioNumeric. Genetic diversity within groups identified during the MANOVA was determined using the ShannonWeaver diversity index (H) using the equation:
where k is the number of band classes, and pi is the frequency of isolates in the ith class (Goodwin et al. 1992) . BOX-PCR fingerprinting successfully discriminated Kura clover rhizobial isolates and strains from reference strains belonging to other rhizobial species (e.g., Rhizobium etli, R. tropici, and Sinorhizobium meliloti), Kura clover rhizobia being more closely related to UMR6906, the type strain for R. l. bv. trifolii to which Kura clover rhizobia putatively belongs, than these other species. Relative similarity between Kura clover rhizobia and UMR6906 was, however, low.
Three main groups were identified among Kura clover rhizobial strains and isolates using principal component analysis (Fig. 2) . Grouping was demonstrated by MANOVA to be statistically significant (P < 0.05). One group contained all North American isolates and the inoculant strains UMR6013, UMR6015, and ICC148, while a second group included all of the Russian isolates. A third, smaller group, contained only four inoculant strains used in North America (UMR6014, UMR6019, RP-119-2, and RP-119-4). The genetic diversity as determined by the Shannon-Weaver diversity index was significantly lower in the North American group than in the Russian one, being of 3.51 and 10.76, respectively. Genetic diversity in the North American population was extremely low despite the range of environments sampled. These included a range of soil types and soil fertility levels, and stand ages up to 17 years (Table 1) . In other cases where rhizobia have been introduced as inoculants into areas where they were not indigenous, substantial diversity among the nodule population was generated quite rapidly (e.g., Sullivan et al. 1995) . Build-up in diversity in a population of rhizobia results from aerial or seed-borne contamination, mutation, conjugation, and transduction events (Martinez et al. 1990 ). Clearly, this did not happen with Kura clover rhizobia, probably because of the extreme specificity of the host.
All North American Kura clover rhizobial isolates we studied were closely related to UMR6013 and UMR6015, two of the strains found in a locally available commercial inoculant. Other strains are included in commercial inoculants but do not appear to compete or persist well in the field. The success of strains UMR6013 and UMR6015 was indicated not only by their dominance across a range of North American environments, but also by the high Kura clover rhizobial population size shown in MPN counts (i.e., average of 143 366 rhizobia per gram of soil) ( Table 1) .
The lack of genetic diversity among our North American isolates does not exclude the possibility of finding a superior isolate adapted to North American conditions. Similarity in the BOX-PCR fingerprint profiles between UMR6015 and ICC148 ( Fig. 1) indicate that genetic diversity as determined by this method is not likely related to variation in symbiotic competence or suitability for inoculant use. This was also reported in similar studies done with other species (e.g., Gonzales-Andres and Ortiz 1998). However, greater chance for improvements should come from further isolation and evaluation of rhizobial isolates from the center of origin of this species, given the prevalence of a much greater genetic diversity. Table 1 . Description of sites used for isolation of Kura clover rhizobia. Fig. 2 . Two-dimensional plot of principal component analysis generated from Box-PCR fingerprint profiles of Kura clover rhizobial strains and isolates from 9 North American and 1 Russian locations. Grouping was statistically significant as verified by MANOVA (P < 0.05). H = genetic diversity index. Fig. 1 . BoxA1R-PCR fingerprinting of Kura clover rhizobial strains and isolates from North America. Lanes 1 to 8, isolates from a 10 year old stand in Lexington, Ky.; lanes 9 and 10, isolates from a 2-year-old stand established on a strip mine spoil in Laurel Creek, Ky.; lanes 11 to 14, isolates from a 3-year-old stand in Lexington, Ky.; lanes 15 to 20, inoculant strains ICC148, UMR6014, UMR6013, UMR6015, RP119-2, and RP119-4; lane 21, strain UMR6906 (R. l. bv. trifolii type strain); lanes 22 to 24, isolates from a 6-year-old stand in New Liskeard, Ont.; lanes 25 to 27, isolates from a 17-year-old stand in Storrs, Conn.; M, 1 Kb molecular weight marker.
